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ABSTRACT
During the 1990’s, five large areas on Georges Bank and the Mid-Atlantic 
Bight were closed to all scalloping gear. Under those closures, Atlantic sea scallops 
grew tremendously both in individual size and in population density. From 1999 to 
2001, each of these closed areas opened for one or more limited, carefully regulated 
fisheries. Catch rates were exceptional, harvests were huge, and most scallops met or 
exceeded the optimal size for maximizing the stock’s yield per recruit. The success 
of these closed area fisheries revealed the great potential for managing the scallop 
stock through a program of rotating closures and openings. Such a management 
scheme would require an amendment to the Sea Scallop Fishery Management Plan 
administered by the New England Fishery Management Council, and as in past 
amendments, this would probably include new regulations to define the dimensions of 
the fishing gear. This study investigated the performance in closed areas of a scallop 
dredge fitted with a collecting bag made of steel rings 4.0” (102 mm) in diameter 
relative to the performance of a dredge with the standard 3.5” (89 mm) rings. On a 
series of eight trips to four of the five closed areas, the 4” rings consistently outfished 
the 3.5” rings on optimal size scallops, while simultaneously diminishing the capture 
of pre-optimal scallops. At the same time, the wider rings substantially reduced the 
volume of trash (invertebrates and debris) retained by the collecting bag, and also 
reduced the bycatch of certain species of finfish. By improving harvest efficiency on 
larger scallops while diminishing the mortality of smaller discards brought on deck, 
4” rings would serve a rotational management scheme’s primary objective of 
delaying the age of harvest in order to improve yield per recruit. By removing fewer 
invertebrates and less benthic substrate from the seafloor, by lessening the capture of 
finfish, and by decreasing the amount of dredge time on bottom needed to harvest a 
fixed limit of scallop meats, the wider rings would serve rotational management’s 
secondary objective of moderating both bycatch and the damage inflicted on benthic 
habitats by scallop gear. Finally, by leaving more young scallops alive and healthy 
on the seafloor during interim closures, 4” rings would serve rotational management’s 
objective of increasing the stock’s spawning potential in order to augment or at least 
stabilize annual recruitment.
RING DIAMETER AND CLOSED AREA SCALLOP FISHERIES
The Performance of a Dredge with 4” Rings in the Atlantic Sea 
Scallop (Placopecten magellanicus) Fishery, 
in the Context of an Area Rotation Management Scheme
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INTRODUCTION
A. Optimizing Yield in the Sea Scallop Fisheiy
When the Sustainable Fisheries Act, passed by Congress and signed by 
President Clinton in 1996, categorically outlawed growth overfishing in federal 
waters and mandated the restoration of all fish stocks within ten years, the eight 
regional Fishery Management Councils began amending the Fishery Management 
Plans under their jurisdiction according to a new binding standard: Optimum Yield 
(Magnuson-Stevens 1996). For many commercial fisheries, including that of the 
Atlantic Sea Scallop (Placopecten magellanicus), this meant first rebuilding an 
overfished stock to B Ms y , the standing stock that would permit the best harvest year 
after year, or Maximum Sustainable Yield (MSY). Optimum Yield would be MSY 
minus any shortfalls dictated by social, economic, or ecological imperatives. It is the 
yield that gives the greatest overall benefit to fishing communities and the nation, 
given the natural limitations of the stock itself and the fishery’s inevitable interactions 
with other fisheries and the ecosystem at large (Magnuson-Stevens 1996). 
Accomplishing this supreme benefit from a commercially harvested species 
ordinarily requires a Management Council to find ways to optimize the Yield per 
Recruit (Y/R), which is the harvest weight that each new recruit will, on average, 
ultimately provide. And this in turn requires the manipulation of two variables: 
fishing mortality and age of harvest (Cushing 1981, Everhart & Youngs 1981).
Fishing mortality (F) is the instantaneous “force” of stock depletion through 
fishing effort, a value that ranges from zero (no fishing at all) to infinite (perfect 
fishing that captures every last fish). The age of first capture (tc) is the age at which 
an animal first becomes available to the fishing gear. For any given age of first 
harvest, there is some corresponding fishing mortality that will produce the best yield 
per recruit. To improve yield per recruit in the case of a growth overfished stock such 
as the Atlantic sea scallop, one must allow individual members of the population to 
realize their growth potential before being captured. Even as one curtails the overall 
fishing mortality to rebuild the stock, one must also find ways to delay the age of 
harvest. In short, the fishery must sort out the young scallops from the older ones. In 
the scallop fishery, such sorting may occur by one of three general mechanisms: (1) 
passive, mechanical sorting by the gear, (2) active, deliberate sorting by the crew 
during culling on deck, and (3) regulatory, geographical sorting through closures of 
specific scallop grounds.
Nearly ninety percent of the annual U.S. scallop harvest is taken by offshore 
dredges (NEFMC 1999b, NEFMC 2000), heavy metal frames towed across the 
seafloor atop which scallops rest, and trailed by collecting “nets” made of circular
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steel rings. Smaller scallops may pass through and between these rings and so escape 
capture. Those that do not escape will end up on the fishing vesseTs deck, where the 
crew will cull the catch for scallops of some desired size and then shovel the 
remainder, often still alive and viable, back into the water. Small scallops may also 
escape capture through the opening and closing of certain areas to fishing. Those 
inhabiting a closed area will evade harvest. But management can protect small 
scallops by opening areas as well. Opening an area after a prolonged closure will 
instantly shift some of the industry’ s fishing effort onto the denser, larger scallops of 
the freshly opened area and off of the sparser, smaller scallops outside it (NEFMC 
1999a, NEFMC 1999b, NEFMC 2000). The use of such “area management” as a 
mechanism for sorting young scallops from old ones demands critical attention to the 
timing of the openings and closings. For example, failure to lift a closure at the 
appropriate time can actually lead to size selection in the wrong direction: an 
excessive concentration of effort in the open areas, leading to localized overfishing, 
hence an ever diminishing size of the scallops harvested (NEFMC 1999a, NEFMC 
1999b, NEFMC 2000).
Historically the Sea Scallop Fishery Management Plan (SSFMP), devised and 
overseen by the New England Fishery Management Council (NEFMC) in 
consultation with the Mid-Atlantic Council (MAFMC), has incorporated gear 
selectivity, incentives to encourage culling at larger sizes, and area management, all 
three, to delay the age of harvest. At the same time the SSFMP has controlled fishing 
mortality using a variety of measures designed to constrain the industry’s overall 
fishing intensity.
B. Management through Meat Count and Effort Constraints
In its initial cast in 1982, the SSFMP attempted to enhance yield per recruit 
and restore adult stocks with respect to abundance and age distribution through the 
regulation of meat count, or maximum meats per pound (Smolowitz & Serchuk 
1989). The Atlantic sea scallop is a large bivalve possessed of a thick, round 
adductor muscle used for sealing and swimming (by clapping the shells together and 
jetting out water). This muscle, the “meat” or “eye,” is the sole part of the animal that 
is marketable, and most boats shuck the animal while at sea, separating the meat from 
the shell and viscera, then landing only the meats stored in cloth bags. The dockside 
price of the scallops depends upon the number of meats per pound, something that is 
easily determined during offloading by scooping a single pint from each bag and 
counting the individual meats. Because older scallops yield larger meats, hence lower 
meat counts, the 1982 SSFMP instituted a maximum legal meat count of 30, 
approximately corresponding to an age of 4. This was still at least two years younger 
than the ideal age of harvest for optimal yield per recruit (Serchuk et al 1979), but 
nonetheless would have delayed the age of harvest while diminishing fishing 
mortality. Recruitment had been generally poor in the late 70’s, yet fishing effort and 
total landings had gone undiminished, such that boats were landing ever younger
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scallops, and more of them (Serchuk et al 1979). Harvesting at 30 count and below 
would, in theory, help rebuild the stock and broaden the age distribution.
The meat count method of regulating the scallop harvest, however, was 
fraught with difficulties. In particular it was vulnerable to compromise by mixing of 
tiny scallops with larger ones or by soaking the meats to make them swell in volume, 
and with an overcapitalized fishery dependent on a growth overfished population 
dominated by the small scallops just recruiting to the gear, such “cheating” was 
inevitable and widespread. In the late 80’s, landings from Georges Bank and the 
Mid-Atlantic shelf, the two main scallop grounds, rose to near record highs, but then 
plummeted in the early 90’s (Lai & Rago 1998, NEFMC 1999a). While this sharp 
downturn partly reflected recent trends in recruitment, it was also a symptom of 
excessive fishing intensity and the failure of the meat count method to achieve the 
intended results. In response the NEFMC dramatically overhauled the management 
scheme, going to measures designed to control the industry’s fishing effort. In 1994, 
Amendment 4 to the SSFMP placed a moratorium on the issuing of scallop vessel 
permits, established a maximum crew size of seven, and restricted the number of 
days-at-sea (DAS) that each boat could annually fish. Such measures not only 
reduced the fishing mortality but also helped to delay the age of harvest. With limited 
days to fish, boats are inclined to seek out the larger, more valuable scallops for their 
yearly income, and with a smaller crew, high catch rates can exceed a boat’s shucking 
capacity, impelling the crew to cull at a larger size and deterring them from targeting 
the smaller scallops, which pound for pound are harder and slower to shuck (NEFMC 
2000).
In the wake of the Sustainable Fisheries Act of 1996, the NEFMC adopted 
Amendment 7 to the SSFMP, which included a new DAS schedule designed to 
rebuild the Georges Bank and Mid-Atlantic scallop stocks to B m s y  by 2008. This 
schedule imposed a decade of steady, severe DAS reductions on the fleet, to be 
followed by moderate increases upon restoration of the stock. The previous policy 
had defined a maximum allowable fishing mortality, F5o/o = 0.71, meant to preserve 
the biomass of sexually mature scallops (or SSB, the spawning stock biomass) at a 
minimum of 5% of the stock’s total biomass. Its goal was to prevent “recruitment” 
overfishing - overfishing that imperils the spawning stock’s capacity to safely sustain 
annual recruitment (Cushing 1981). In contrast, Amendment 7’s new goal was to 
suppress fishing mortality to a level, F m a x  = 0.24, that would rebuild the stock and 
thereafter prevent “growth” overfishing - overfishing that takes more biomass than 
the rebuilt stock can annually replace through somatic growth (NEFMC 1999a, 
NEFSC 2001). The former type of o verfishing threatens the survival of the stock; the 
latter is merely an inefficient, sub-optimal use of a natural resource, a practice which 
Amendment 7 planned to eliminate gradually over the ten-year span. Yet by the 
summer o f2000, fishing mortality both on Georges Bank and in the Mid-Atlantic was 
already down to 0.16 (Figure A-3) and the scallop stock now displayed the traits of a 
population fished at low F: broadened age structure, improved recruitment, and 
increased biomass (NEFMC 2000). The biomass had reached record highs, with the 
Georges Bank stock above B m s y  (Figure A-l) and the Mid-Atlantic stock nearly so 
(Figure A-2), many years ahead of schedule (NEFSC 2001). However, this
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Figure A (1) NMFS Survey Biomass estimates for Georges Bank 
scallop stocks, 1990-2000. Data from NEFMC 1999a, 
NEFMC 2000, and NEFSC 2001.
(2) NMFS Survey Biomass estimates for Mid-Atlantic 
scallop stocks, 1990-2000. Data from NEFMC 1999a, 
NEFMC 2000, and NEFSC 2001.
(3) Fishing Mortality estimates, 1990-1999. Data from 
NEFMC 1999a and NEFMC 2000.
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remarkable recovery was only partly the result of Amendment 4 and Amendment 7’s 
effort restrictions. The principal reason that overall biomass had risen so high and 
that overall fishing mortality had fallen so low was the closure in 1994 and 1998 of 
expansive scallop grounds to all scallop boats (discussed below).
C. Management through Gear Restrictions
In the 1990’s, amendments to the SSFMP also instituted a series of gear 
restrictions intended to temper fishing mortality and delay the age of harvest. The 
fishery’s primary gear is the “New Bedford” dredge (Figures B and C). Usually two 
such dredges, each typically weighing about a ton and a half (-1400 kg), are towed 
simultaneously by heavy cables hung from gallows on both sides of the boat 
(Smolowitz & Serchuk 1989). Each cable hauls a single dredge and connects to the 
steel frame by way of a V-shaped bail. The frame is typically 15 feet (4.6 m) wide, 
with a rectangular base, the “cutting bar,” that glides over the seafloor by riding on a 
pair of steel shoes welded underneath at either end. As the frame glides along, water 
flowing up and over a downward angled pressure plate helps pin it squarely to the 
bottom. The frame tows behind it the collecting net, or “chain bag,” made of circular 
steel rings fastened to one another by smaller “split links” (Figure D). Scallops and 
other animals may escape either through the rings or through the inter-ring spaces; as 
a bag ages and erodes, however, the crew will add new split links, thereby 
constricting the inter-ring spaces (Bourne 1964). The “belly” of the bag links to a 
thick chain, the “sweep,” which attaches to the frame at the shoes and trails it in a 
wide arc. Turbulence generated by the cutting bar and the sweep stirs animals and 
objects up from the benthic substrate and into the mouth of the bag. In the space 
between the sweep and cutting bar, transverse “tickler” chains may further help to 
rouse animals from the bottom, and in rocky areas, longitudinal “rock chains” may 
help to keep large rocks from entering the mouth of the bag. Lateral to the sweep are 
a pair of triangular sections of rings called the “diamonds.” The dorsal surface of the 
bag is made of an aftward section of rings called the “apron” and a forward section of 
lightweight, crisscrossing ropes called the “rope back” or “twine top,” through which 
finfish and scallops may escape. The chain bag is shielded from frictional wear and 
tear on the seafloor by “chafing gear,” strips of rubber (cut from old tires) woven 
amidst the rings. These may, intentionally or not, inhibit escapement through the 
belly of the bag. Finally, the posterior end of the bag is a heavy steel rod, the “club 
stick,” which helps spread the bag transversely during towing and provides a 
crossbeam for inverting the bag when dumping the catch on deck.
Historically, dredge modifications had been made with the aim of 
improving a vessel’s catch and thus evolved toward ever increasing “efficiency,” 
defined as the percentage of scallops lying in a dredge’s tow path that actually enter 
the mouth of the chain bag and are fully retained. In recent decades, though, gear 
research has been conducted not to foster efficiency, but to help conserve the stock by 
reducing juvenile mortality, and has thus evolved in the direction of more beneficial 
“size selectivity” (Smolowitz & Serchuk 1989). Selectivity may be broadly defined
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Figure B The underside of a New Bedford scallop dredge. Chafing 
gear absent.
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Figure C The topside of a New Bedford scallop dredge.
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Figure D Four Inch Rings with Split Links. When lying flat, the inter­
ring space is approximately 4.5” (115 mm). Note, however, 
that by twisting and pulling the rings, one can cause the inter­
ring space to gape as wide as 6.75” (170 mm). During 
towing, therefore, the inter-ring space probably fluctuates as 
the rings and links shift about. The corresponding 
dimensions for 3.5” rings are an inter-ring space of about 4” 
flat (100 mm), with a maximum forced gape of 5” (130 mm). 
Note also that the number of split links between rings will 
vary, and this, too, affects the gape of the inter-ring space.
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as the ability of the gear to yield a catch with a size composition different from that of 
the wild population, and to cause fishing mortality to vary with physical size or age- 
related behaviors (DuPaul et al 1989, citing Pope et al 1975; also Pope 1966 and 
ICES 1996). With sea scallops this is not a simple case of who is caught and who is 
not, for fishing mortality includes several kinds of incidental or “nn-harvest” 
mortality, fatalities to scallops that are never shucked and landed. Incidental 
mortality comprises (1) contact mortality, or death of scallops never brought on deck 
but somehow killed through direct encounter with the dredge, or perhaps by lethal 
hypoxia and sediment suspensions caused by the dredge’s churning of the bottom, (2) 
deck mortality, or death on deck from crushing during haulback and dumping, 
exposure to air and heat, handling during culling, and so on, and (3) latent mortality, 
or death after being discarded, perhaps due to injury or physiological stress, an 
increased vulnerability to predation, or being returned to an inhospitable benthic 
habitat (Medcof & Bourne 1962, Smolowitz & Serchuk 1989, DuPaul & Kirkley 
1995). The matter is further complicated by differences in evasive behavior at 
different ages. Young scallops are more likely to swim off the bottom when a dredge 
approaches, whereas large scallops will often resort to recession instead, clapping 
their shells to blow away surrounding sediment and thus digging a small pit for 
themselves (Caddy 1968). For escaping capture, these two defensive strategies may 
not be equally effective, and contact mortality may result not only from physical 
damage incurred through impact with the dredge or when passing through the rings, 
but also from the burial o f the larger recessed scallops as the dredge passes overhead 
(Caddy 1968). Fishing mortality also encompasses any elevation in the “natural” 
death rate that stems from alteration of the habitat by dredging (Smolowitz & Serchuk 
1989), or from other ecological interactions, such as the attraction of predators like 
sea stars, sculpin, and flatfish into the wake of a passing dredge, where they may prey 
upon stunned or exhausted scallops (Caddy 1968). All of these brands of fishing 
mortality are potentially ameliorated through gear modifications, perhaps in ways that 
would make a dredge more size or age “selective” in inflicting scallop deaths.
When the meat count method failed to adequately protect young scallops 
from old ones, the scallop industry proposed gear modification as the solution. This 
was something the original SSFMP had explicitly rejected, stating that “no useful 
relation has ever been demonstrated between ring size ...and the size of scallops 
retained” (quoted in Smolowitz & Serchuk 1989, p. 532). The industry itself, 
however, financed gear research and pushed for gear regulations, and subsequent 
SSFMP amendments raised the minimum ring diameter from 3.0” (72 mm) to 3.25” 
(83 mm) in 1994, and then to 3.5” (90 mm) in 1997. Other gear restrictions have 
placed limitations on the width of the frame (now 15’ maximum), twine top spacing 
(now 8” minimum), and chafing gear (“donut” spacers, rubber rings used to constrict 
the inter-ring spaces, are now outlawed). Similar regulations restrict the dimensions 
and mesh size of otter trawls, the other type of gear used to harvest sea scallops, 
responsible for about a tenth of the annual landings (NEFMC 1999a, NEFMC 2000).
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D. Management through Area Closures
The final historical means of controlling fishing mortality and sorting young 
scallops from old, and probably the real future of scallop fishery management as well, 
is the temporary closure of certain areas to scallop fishing. Rotating closures as a 
method for regulating the scallop fishery was proposed as early as the mid-80’s 
(Shumway & Schick 1987), but was never actually employed until 1998, when 
Amendment 7, under “emergency action” to protect a strong set of recruits, closed 
two productive scallop grounds in the Mid-Atlantic region: the Hudson Canyon Area 
off the coast of New Jersey and Delaware, and the Virginia Beach Area off the coast 
of Virginia and North Carolina (Figure E). Since 1994, three large regions on 
Georges Bank - Closed Area I, Closed Area II, and Nantucket Lightship - had also 
been closed to all mobile bottom gear (trawls and dredges), not with the aim of 
rebuilding scallops but to protect collapsed stocks of groundfish (under Amendment 9 
to the Multispecies FMP). Under these five closures, scallop stocks flourished, 
dramatically demonstrating the promise of area rotation as a viable management 
strategy. Even though scallop biomass on Georges Bank had plunged in 1993 to its 
lowest level in decades, by the summer of 1996, only twenty months into the 
closures, scallop densities in the three Georges Bank closed areas were triple that of 
the open areas (Lai & Rago 1998). In the years to follow, those same stocks built to 
historic highs (Figure A-l) (Murawski et al 2000). A similar pattern of rapid 
recovery took place from 1998 to 2001 in the Hudson Canyon and Virginia Beach 
closed areas (Figure A-2). Meanwhile, the closures swiftly curtailed the overall 
fishing mortality (Figure A-3). It is important to observe, however, that in the late 
90’s, about two-thirds of the total scallop biomass lay behind closed area borders and 
was unavailable to fishing. Fishing mortality in the open areas therefore remained 
quite high (NEFMC 1999a, NEFMC 2000), something that could be alleviated only 
by lifting some of the closures and drawing the fleet’s effort onto the rebuilt grounds.
The first such opening occurred in the summer of 1999, when the NEFMC 
opened the southern portion of Closed Area II for a limited scalloping season. High 
catch rates and excellent meat counts attracted 187 vessels, taking a total of 644 trips 
and harvesting $36 million worth of scallops (NEFMC 2000). The following year the 
Council temporarily opened Closed Area I and Nantucket Lightship with similar 
results, and in 2001, the Mid-Atlantic areas were opened as well. Access to these 
closed areas diminished fishing intensity in the open areas (that is, the “locally 
overfished” grounds outside the closed areas) in two ways: not only by shifting effort 
away from the open areas and onto the closed areas, but also by employing a days-at- 
sea tradeoff designed to cut the number of DAS used by the fleet below its annual 
allotment. A boat making a trip into a closed area automatically ticks off some preset 
number of its DAS, more days than it will actually take to catch its limit of scallops. 
For example, during the 1999 Closed Area II fishery, a boat was allowed to land 
10,000 pounds per trip and was automatically charged 10 DAS, even though it might 
take only six days to finish the job. As a result, although the fleet burned a total of 
6,440 allotted DAS during the 1999 opening, only 3,864 of those days were actual 
fishing days (NEFMC 2000). The DAS tradeoff for a particular closed area is tied to 
the mean catch rate in the open areas at that time, such that a boat making a trip into a
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Figure E Closed Areas under the Multispecies Fishery Management 
Plan and the Sea Scallop Fishery Management Plan.
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closed area is charged a number of DAS equivalent to the number of days it would 
have taken to harvest the same volume of scallop meats out in the open areas 
(NEFMC 2000). In theory, then, boats end up harvesting the same amount that they 
would have without the openings, yet in less time. Each vessel reaps its gains not in 
gross harvest, but in efficiency (fewer days of fishing, hence reduced costs, hence 
wider profits), plus receives a better dockside price per pound for the larger closed 
area scallops. For the stock, the net effect is this: annual landings in pounds remain 
the same, yet fewer -  because bigger - scallops are removed. And since fishing 
mortality, F, is reckoned according to numbers and not weight, it declines (NEFMC 
1999b). In short, the opening of a closed area reduces fishing intensity in a relative 
way, by holding total landings constant while shifting effort from small open area 
scallops to large closed area scallops, and in an absolute way, by rendering the 
number of DAS actually used less than that allotted.
E. Investigation of the Performance of 4” Rings in Closed Area Fisheries
In effect, then, management can wield area rotation as a sort of “selective 
gear,” capable of sorting young scallops from old in the interest of achieving optimal 
yield per recruit. Closures have already proven “more effective than the tools used 
elsewhere and at other times to improve yield per recruit” (Murawski et al 2000, p. 
792), and a trend is underway toward management of scallops via “pulsed” closures 
and openings. By closing an area to fishing for a number of years, it guarantees that 
scallops therein have a chance to realize their growth potential and approach their 
ideal harvest age. Then by opening the area, it gravitates the fleet away from younger 
scallops elsewhere. Once fished down, the area closes again to allow the small, 
young scallops left behind to grow up. In any rotating harvest scheme, the rotations 
will be defined largely in terms of the time interval between successive openings 
(Caddy 1993), and with scallops a foremost goal will be to minimize this interval. 
Success will depend on the degree to which the incidental mortality of young, small 
scallops can be reduced during each opening. Since the survival of young scallops 
will greatly depend upon their evasion of or escapement from the fishing gear, a 
rotational management strategy may profit from the use of dredges fitted with 
collecting bags made of rings wider than the current standard.
This study examined the performance of a dredge with 4” rings compared to 
that of the standard 3.5” rings, within the context of an area rotation strategy. It 
explored this gear’s potential as an instrument for leaving small scallops behind and 
in good health while still efficiently harvesting the large scallops during a typical 
closed area fishery. In all cases the 4” rings proved just as effective as 3.5” rings, and 
usually even more effective, in capturing and retaining large scallops that are near the 
optimal age of first harvest. At the same time, the 4” rings permitted better 
escapement of younger, pre-optimal scallops, substantially reducing the number of 
discards brought on deck. If in fact the SSFMP adopts an area rotation strategy in the
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near future, a shift from 3.5” rings to 4” rings may well improve the proximity to 
which the fishery approaches the stock’s Optimum Yield.
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LITERATURE REVIEW
A. Potential Benefits of Delaying the Age of Harvest
The primary benefit of delaying the age of harvest, whether through gear 
modifications, area closures, or some combination thereof, will be to improve the 
yield per recruit. It will also build a stronger spawning stock biomass and elevate the 
fecundity per recruit, which may improve or at least stabilize annual recruitment. A 
broadened age structure might also make the fishery more stable, with less variation 
in the annual harvest as the industry becomes less dependent on the age class 
recruiting to the gear each year. Finally, it is possible that delaying the age of harvest 
will help to reduce each boat’s total amount of towing time, and this in turn may 
counteract the habitat degradation and bycatch problems caused by the dredges on the 
bottom.
B. Yield Per Recruit
Three life history traits make the sea scallop a good candidate for area 
rotation as the management scheme for optimizing their yield per recruit: (1) they are 
essentially sedentary, (2) grow quite rapidly, and (3) have only a modest natural 
mortality rate (Murawski et al 2000). The Atlantic sea scallop is an epifaunal 
bivalve, resting atop the benthic substrate of the continental shelf in the Northwest 
Atlantic Ocean from the Gulf o f St. Lawrence to Cape Hatteras (Bourne 1964, 
Serchuk et al 1979, Lai & Rago 1998). In its northern reaches it inhabits shallow 
water and supports a small inshore fishery in the Gulf of Maine. In its southern 
range, below Cape Cod, it primarily populates the cooler water beyond the 40m depth 
contour and supports the large offshore fisheries on Georges Bank and the Mid- 
Atlantic bight. Although they are capable of swimming short distances, recapture of 
tagged individuals shows that scallops do not conduct mass migrations (Bourne 1964) 
and so can feasibly be managed by sub-areas within their range. The main causes of 
natural mortality are probably predation and parasitism, perhaps exacerbated by 
occasional thermal shocks that weaken the animal (Medcof & Bourne 1962). Though 
difficult to measure, natural mortality (M) is generally taken to be 10% annually, a 
value estimated (somewhat problematically) from the ratio of live scallops to 
“clappers,” empty shells with the valves still hinged (Merrill & Posgay 1964). This 
modest mortality rate would permit significant numbers of scallops, if unfished, to 
reach sizes close to their asymptotic height and weight. The rate at which scallops 
approach that asymptotic height and weight is considerable (Figure F-l); between 
ages 3 and 5 they may increase their shell height by as much as 80% while
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Figure F (1) Von Bertalanffy growth curves for Georges Bank and 
Mid-Atlantic scallops, both in shell height and in meat 
weight. Models from Serchuk et al 1979.
(2) Shell Height-Meat Weight relationship for Georges Bank 
and Mid-Atlantic scallops. Models fromNEFSC 2001.
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quadrupling their meat weight (Serchuk et al 1979). Closures therefore need only last 
several years to return substantial gains in yield per recruit.
Growth rates, and the von Bertalanffy growth models based thereon, are 
usually calculated first in terms of shell height, typically by aging scallops according 
to annual bands on the upper valve and measuring the amount of shell deposition 
between years. The annual bands probably form in the cold months of late winter 
when shell deposition slows and the circuli (thin concentric growth lines) are laid 
down in close succession, creating the semblance of a band. Environmental stresses 
such as dredging, however, may also cause the formation of bands, or “shock rings,” 
as the animal seals up for a time and deprives its mantle o f the chemical supplies in 
seawater needed for shell production. When shock rings are present, or in areas 
where annual bands are feint due to nearly constant year-round temperatures, scallops 
can sometimes be aged by reference to annual marks on the hinge ligament, annual 
undulations in the shell’s outer surface, seasonal color changes, or even the seasonal 
scars left by boring parasites (Merrill et al 1965). Alternatively, growth rates may be 
estimated by measuring the ratio of stable oxygen isotopes in the shell, something 
which varies seasonally, and while this sometimes yields results consistent with ring 
counts (Tan et al 1988), it is worth noting that at least one study plying this method 
has cast doubt upon the accuracy of the standard ring counting method, showing that 
the bands may not mark annual events at all and that actual growth rates may be fully 
double that indicated by so-called annual rings (Krantz et al 1984). Moreover, closed 
areas have served as a sort of ideal lab, unaffected by fishing, for testing the usual 
growth models, and on Georges Bank the shell height modes that signify year classes 
have been advancing substantially faster each year than the standard von Bertalanffy 
growth equations would predict (NEFSC 2001). In the Mid-Atlantic closed areas, by 
contrast, the annual growth of age cohorts seems to be a bit slower than expected.
Once shell height is known (or accepted) as a function of age, the growth 
rate in terms of meat weight -  the real variable of interest -  emerges from data on the 
shell height to meat weight ratio (Figure F-2). This relation is non-linear, as scallops 
grow allometrically, with meat growing faster than the shell. Growth rates and the 
ratio of meat weight to shell height prove highly variable in both space and time, 
differing as a function of geographical position, temperature, depth, season (meat 
weight dwindles especially during spawning), and year (Bourne 1964, Shumway & 
Schick 1987). In general, though, a scallop’s annual growth rate falls below 10%, the 
assumed natural mortality rate, at age 8 or 9. At this age, gains in stock biomass due 
to somatic growth approximately balance losses due to natural death. Therefore 
delaying harvest to age 8 should, with perfect fishing, maximize the yield per recruit 
(Serchuk et al 1979, Posgay 1979), an estimate that has been validated by the scallop 
boom under the 1994 Georges Bank closures (Murawski et al 2000).
In the current fishery, boats still shuck and land substantial numbers of 
scallops at age 4 or less. While theoretically the yield would improve by delaying the 
age of capture to as late as age 8, the gains beyond age 6 would be slight (Figure G), 
and fishing on age 6 scallops at appropriately moderate fishing mortality rates would
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Figure G Yield per recruit as a function of fishing mortality (F) for 
various ages of first capture (tc), for the Georges Bank and 
Mid-Atlantic scallop stocks. Data from Serchuk et al 1979.
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generate a near optimal yield. Age 6 ordinarily corresponds to a shell height of about 
115-120 mm and a meat count of 15-17. In 1998, only about a fifth of the total 
scallop harvest (by weight, not numbers) was under 20 count (NEFMC 2000). In 
1999, with the opening of Closed Area II where scallops had grown old and large, the 
landings of “u20” scallops more than doubled, demonstrating the effectiveness of 
closures for optimizing yield per recruit. At the same time, however, the harvest of 
younger scallops in the open areas also increased in 1999, so that over two-thirds of 
the landings were still sub-optimal (NEFMC 2000). New measures to postpone the 
capture of younger scallops might therefore tremendously improve yield and profits 
for the industry. Any such delay would initially bring financial losses, but scallops 
grow so fast that the delay would amount to a short term “deposit” with quite a high 
“interest rate,” an investment that would give excellent returns in just two or three 
years (DuPaul & Kirkley 1995).
In the case of the scallop fishery, the potential returns are further optimized 
by the substantial price differential according to meat count. Pound for pound, 10 and 
20 count scallops command a much higher dockside price than 40 and 50 count 
scallops, a difference usually on the order of several dollars per pound. Even so, 
economics are hard to predict and prices fluctuate with supply and demand, and it is 
possible that delaying the age of harvest to improve yields and meat counts would 
suppress dockside prices both across the board and for the larger, low meat count 
scallops in particular (DuPaul et al 1989). The boom year of 1999 did see depressed 
prices, typically 60 cents to a dollar less than in 1998 for most size classes, and with 
the opening of Closed Area II, the sudden influx of 10 and 20 count scallops pushed 
down their value (NEFMC 1999a, NEFMC 2000). This economic variability 
notwithstanding, the postponement o f the capture of scallops to age 6 or later would 
serve the goal of Optimal Yield in two ways: by nearly maximizing the yield per 
recruit and by taking advantage of the favorable price differential for lower meat 
counts.
C. Fecundity, Recruitment, and Interannual Stability
There may be a third way that delaying the age of harvest might foster 
Optimal Yield, namely by improving annual recruitment. For fisheries worldwide, 
efforts to predict recruitment have generally failed, while clearly defined stock- 
recruitment relationships have proved ever elusive (Everhart & Youngs 1981), and 
the sea scallop fishery is no exception. Sea scallop recruitment is highly variable 
both geographically and interannually (Bourne 1964, Serchuk et al 1979), and 
although delaying the age of harvest will certainly elevate the stock’s spawning 
potential by increasing both the number of sexually mature individuals and the 
average fecundity per individual, it may have no effect whatsoever on how many 
offspring survive to the age of recruitment. If  larval or juvenile scallops pass through 
a phase during which survival is density-dependent, then a “compensatory” condition 
may exist such that any increase in spawning effort by the adults may lead to an 
equivalent hike in larval/juvenile mortality. This is Darwin’s “Malthusian” principle:
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if resources and niche vacancies are finite, while the population’s intrinsic rate of 
numerical increase is geometric, then intra-specific competition, hence density- 
dependent survival, will regulate both recruitment and stock size in the direction of 
the long-term average (Cushing 1979, Everhart & Youngs 1979). At the same time, 
density-independent factors such as unusually cold temperatures, phytoplankton 
shortfalls, and water current anomalies (Medcof & Bourne 1962, McGarvey et al 
1993) may superimpose additional mortalities on the density-dependent ones, 
mortalities which no amount of reproductive effort can overcome. Nevertheless, if 
density-dependent controls are not absolute, and if density-independent causes of 
larval/juvenile mortality are not total, then increases in spawning intensity may enable 
more offspring to run the gauntlet to the age of recruitment, thus generating stronger 
year classes.
For older females, fecundity is on the order of hundreds of millions eggs 
per individual per spawning event (Langton et al 1987, McGarvey et al 1993, 
Carnegie 1994). Sexes are usually separate, fertilization is external in the water 
column, and each scallop spawns for about one week in late summer or early autumn, 
with breeding activity beginning in their southern range in late July and advancing 
northeast across Georges Bank through mid-October (Serchuk et al 1979). Mid- 
Atlantic scallops spawn in the spring as well, and this additional spring spawn is often 
the dominant of the two episodes (Schmitzer et al 1991). Eggs are buoyant and the 
larvae pelagic, going through the typical molluscan development from a ciliated 
trocophore to a thin-shelled veliger, which later settles to the bottom and 
metamorphoses into a juvenile (“spat”) (Bourne 1964, Serchuk et al 1979). Larvae 
drift for 4-6 weeks in the water column (Lai & Rago 1998), and for this reason 
spatfall is unlikely to occur in the same area as the parent stock, although on Georges 
Bank the gyre of currents may retain larvae and return some of them to their parent 
grounds (Posgay 1979, Serchuk et al 1979). Again, mortality during the planktonic 
phase will be mainly density-independent, as survival will depend largely upon the 
currents, which may or may not sweep them to areas of good food concentration, low 
predation, and favorable bottom, and upon the water temperature, which influences 
the rate of development and thereby the duration of the larval stage, hence the risk of 
drifting away or consumption by planktivores (Medcof & Bourne 1962, McGarvey et 
al 1993). Density-dependent factors are more likely to impact survival after spatfall 
(McGarvey et al 1993, Cote et al 1994). Recruitment to the fishery will be the 
product of the larval survival rate multiplied by the juvenile survival rate multiplied 
by the total egg production (and fertilization) in the first place (McGarvey et al 
1993). It is only this last quantity, the spawning potential, that may be improved by 
postponing the age of capture.
The stock’s spawning potential is the product of the fecundity per recruit 
and the mean number of sexually mature females in the population, both of which 
stand to increase with harvest at a later age. Females reach sexual maturity at age 2, 
although they probably do not contribute significantly to egg production until at least 
age 4 (Lai & Rago 1998). Fecundity increases with age, and exponentially so, as the 
animal devotes an ever increasing fraction of its resources to gonadal tissue rather 
than somatic tissue (Langton et al 1987, Carnegie 1994). Not only do the ovaries
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become disproportionately more massive with age, but also denser with ova 
(Carnegie 1994). Consequently, postponing harvest to a later age will dramatically 
enhance the average fecundity per recruit, both cumulatively over the animal’s 
lifetime and per spawning episode. Indeed, delaying the age of capture from age 4 to 
6 might give a threefold increase in lifetime egg production (McGarvey et al 1992). 
One study focusing on the exceptional year class of 1990 predicted a 900% 
amplification of spawning potential just by harvesting the cohort as four year olds 
rather than three year olds (Brust 1996). And because management has historically 
calculated the spawning stock biomass (SSB) simply as the total weight of all 
sexually mature individuals (that is, on the faulty assumption of a linear relation 
between size and fecundity), it may have overestimated SSB in areas where scallops 
are numerous but young (Carnegie 1994). This means that the use of area rotation as 
a scheme for building up the spawning stock biomass may prove all the more 
effective in boosting actual gamete output.
Whether such gains in fecundity would translate into gains in recruitment 
has yet to be determined. Scanty evidence exists for a bona fide stock-recruitment 
relationship in sea scallops. An analysis of historical survey data from 1977 to 1988 
does reveal some statistical correlations between years of high spawning stock 
biomass and recruitment two years thence (McGarvey et al 1993). These correlations 
strengthen when age 3 and age 4 scallops are stricken from the calculations, further 
evidence perhaps that older scallops are the primary source of future recruits and 
another testimony that area closures might enhance recruitment. That correlation was 
driven, however, mainly by two particular year classes, and similar analyses since 
then reveal no such patterns (NEFSC 2001). Recruitment in the wake of area 
closures (1998-2000) has indeed proven significantly greater than that before closures 
(1992-97), with the year 2000 recruitment class on Georges Bank at an enormous 
record high. But rather than a sure sign of a stock-recruitment relation, this could 
simply be the consequence of favorable environmental conditions in recent years. In 
any event, it remains possible if not probable that delaying the age of harvest may 
strengthen future recruitment.
A related concern, here, is the possibility that certain scallop beds are key 
larval source areas for other scallop beds. Statistical correlations suggest, for 
example, that the Northeast Peak and the Northern Edge of Georges Bank are 
important sources of seed for the rest of the Georges Bank stock (McGarvey et al 
1993). Add to this that scallops are “batch” spawners, with adults in close proximity 
releasing pulses of gametes in concert, thereby improving the rate of successful 
fertilization. In open areas, boats will target and break up the densest aggregations, 
whereas in closed areas they remain intact. Cultivation of aggregates of scallops in 
strategically chosen closed areas might therefore profit the fishery through better 
recruitment (Caddy 1993, Murawski et al 2000).
An associated benefit of delaying the age of capture will probably be 
greater interannual stability in the fishery. Throughout much of its history, the 
scallop fishery has relied heavily each year upon the age cohort just recruiting to the 
gear. Consequently, the health of the industry oscillated sharply with fluctuations in
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the strength of recruitment. If measures to optimize the yield per recruit help to 
broaden the stock’s age structure, the fishery will become less dependent on any 
single year class. Closures in particular have already demonstrated “the potential for 
damping year-to-year variation in annual yields by lowering exploitation rates and 
carrying over more harvestable-size biomass from one year to the next” (Murawski et 
al 2000). Age class distributions in closed areas have become multimodal, while 
those in open areas have generally remained unimodal (NEFSC 2001). Furthermore, 
if scallops get to spawn multiple times before capture, there may be less variability in 
recruitment in the first place and less risk of year class failure. When scallops only 
get one or two chances to spawn, a single poor year class might be responsible for 
generating another poor year class, and so on. But when other year classes are 
present, they may adequately reinforce the spawning efforts of that poor year class. 
Here again, this would be conditioned by the degree of density-dependence operative 
among larvae and juveniles, by the impact o f density-independent pressures, and by 
the strength of any stock-recruitment relationship. Yet even if an ever increasing 
spawning stock biomass does not conceive ever bigger recruitment classes, it is still 
possible that poor year classes will become less frequent, and if so, the fishery will 
reap the benefit o f enhanced stability.
D. Bycatch, Habitat Integrity, and Time on Bottom
A final set of potential benefits from sorting young scallops from old and 
postponing the age of harvest has to do with the amount of time that dredges spend on 
the bottom to obtain a fixed amount of landings. The Closed Area fisheries of 1999 
and 2000 are once again instructive. The Georges Bank closures cultivated scallops 
that were not only old and large, but often densely concentrated as well. In the early 
weeks of each opening, boats were able to collect huge catches on very short tows. A 
tow of only ten or twenty minutes might put enough scallops on deck to keep the 
crew busy for hours of culling and shucking. Rather than towing constantly, 
therefore, the boats kept the dredges idle for prolonged periods. This is more fuel 
efficient for the vessels and diminishes wear on the gear, but more importantly it 
reduces the amount of bycatch and the amount of damage that the dredges inflict on 
the benthic habitat.
Both bycatch and habitat concerns have sorely plagued the sea scallop 
fishery in recent years, especially through interactions with the Georges Bank 
groundfish fisheries. The foremost goal of the Multispecies FMP, now, is to rebuild 
fallen stocks of groundfish, some of which are highly vulnerable to capture by scallop 
dredges: monkfish, yellowtail flounder, and other flatfish (NEFMC 1999b). The 
Closed Area II fishery of 1999 was brought to an early end not by the fleet arriving at 
the sea scallop TAC (total allowable catch), but by its exceeding the yellowtail TAC 
(NEFMC 2000). Scallop dredges also do damage to the benthic substrate, certain 
regions o f which are especially important to demersal fishes. In general, bottoms that 
are more complex and structured, such as those with gravel, boulder piles, or reefs 
and beds built by sponges, tunicates, mussels, etc., bear the greatest ecological value,
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for these provide juvenile groundfish with shelter from predators and thus aid in 
recruitment (NEFMC 1999b, Murawski et al 2000). The Sustainable Fisheries Act of 
1996 speaks strongly to the issues of bycatch and habitat degradation, with tight 
protections of “essential fish habitats” (Magnuson-Stevens 1996), and several times 
in recent years bycatch and/or habitat concerns have blocked scalloping in certain 
closed areas ripe for harvest. The result is that many valuable tons of scallop meat 
are being lost to natural mortality. If area rotation, effort restrictions, and other 
management measures designed to maximize the yield per recruit can substantially 
and convincingly diminish the length of time that scallop dredges spend on the 
bottom, the ecological and economic rewards may be considerable indeed.
E. The Potential Role of Gear Modifications
Gear modifications may promote each of the above benefits either directly 
or indirectly. They may directly delay the age of harvest and lessen the quantity of 
bycatch and habitat degradation first by making the dredges more size selective and 
so permitting more escapement of young scallops and finfish, and second by 
simultaneously improving harvest efficiency on larger scallops and so reducing the 
time on bottom needed to reach a fixed amount of landings. And indirectly they may 
do the same in the service of an area rotation scheme, by serving as a tool for 
diminishing the mortality of young scallops and leaving more pre-optimal scallops on 
the bottom during area openings.
Ring selectivity studies have been conducted since 1952, employing many 
different methods and measures (catch composition and statistics, mark and recapture, 
fitting dredges with hoods and liners, underwater cameras, SCUBA, submersibles, 
etc.) and manipulating three main variables: the diameter of the rings, the number of 
split links, and the amount of chafing gear (Bourne 1966, Caddy 1968, Caddy 1971, 
Smolowitz & Serchuk 1989, DuPaul & Kirkley 1995). Results have varied, 
sometimes producing no discernible changes in size selectivity at all, sometimes 
yielding dramatic differences. This unpredictability is not surprising, given the host 
of other variables at work: scallop densities and age distributions, bottom type, 
amount of invertebrate trash, sea conditions, vessel velocity, tow duration, and towing 
scope (Smolowitz & Serchuk 1989, DuPaul & Kirkley 1995). One conclusion is 
certain: no scallop gear is sharply selective -  not offshore New Bedford dredges, not 
inshore Digby dredges, not otter trawls -  and gear modifications alone cannot 
accomplish the desired delays in harvest age nor the target yield per recruit (Bourne 
1964, Bourne 1965, DuPaul & Kirkley 1995). Even with 5” (127 mm) rings, some 
young scallops will be captured, especially once the collecting bag has become 
congested with animals and trash (Bourne 1964). Nevertheless, numerous studies 
have shown that widening the diameter of rings can at least improve the size 
selectivity, however imperfectly. Caddy (1971) demonstrated that escapement of 
small scallops does indeed occur through the apron and belly o f the bag, and that it 
must occur both via the rings themselves and via the inter-ring spaces. Bourne (1964) 
found that increasing the ring diameter from 3” (77 mm) to 4” (102 mm) cut the
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capture of discards (small scallops deliberately culled out by the crew) by 20 to 30%. 
DuPaul et al (1989) contrasted the performance of 3” (77 mm) and 3.5” (89 mm) 
rings with commercial towing practices, and found that the wider rings increased the 
average shell height caught from 88.2 mm to 98.5 mm, with a corresponding 
reduction in meat count from 35.1 to 25.1. Brust (1996) determined that raising the 
ring diameter from 3.25” (83 mm) to 3.5” (89 mm) might delay harvest by as much as 
a year. DuPaul and Carnegie (1993) observed that when 4” rings were used to 
harvest Alaskan sea scallops (Patinopecten caurinus), 81% to 98% of the animals 
retained were greater than 100 mm in height, which was probably a result of gear 
selectivity rather than a reflection of the actual size distribution in the wild 
population. Thus ring restrictions can reduce, but not eliminate, the harvest and 
mortality of younger scallops.
Gear modifications to reduce finfish bycatch have so far been less 
successful than hoped. Either they do not diminish bycatch as much as predicted, or 
they reduce the scallop catch as well, which encourages longer tows and is therefore 
counterproductive as a bycatch reduction measure (NEFMC 1999a). Slower towing 
and steepening the scope (angle of the cable) have not worked (NEFMC 1999b). The 
rings and inter-ring spaces themselves are too narrow to permit passage of any but the 
smallest finfish, although wider rings are known to lessen the capture of certain 
invertebrates (Bourne 1965). The rope back permits the escape of some flatfish, 
especially in species that react to disturbances by actively swimming upward. Twine 
top variations therefore hold some promise for mitigating bycatch (NEFMC 1999b). 
Other bycatch reduction ideas are chutes, windows, noise-making devices, and “fish 
mops” or other types of tickler chains (NEFMC 1999b). But the best way to alleviate 
pressure on other species seems to be a reduction in a dredge’s total time on bottom.
Time on bottom can be reduced if the dredge can be made more efficient at 
harvesting larger scallops. In healthy resource areas with strong stocks, multiple age 
classes, and many older scallops -  like those that an area rotation scheme would 
cultivate - dredges with wider rings have sometimes proven slightly more efficient at 
harvesting market size scallops, even while curbing the capture of smaller scallops 
(Bourne 1965, DuPaul et al 1989). The mechanism responsible for this somewhat 
counterintuitive result has not been uncovered. Probably it involves the rate at which 
the bag fills up with trash and small scallops. If bags with narrower rings become 
congested earlier in the tow, then water flow through the dredge may be restricted, a 
pressure wave may advance out in front of the frame, or the gear may simply ride 
differently along the seafloor, all of which might decrease the number of larger 
scallops churned up and into the mouth of the bag. A key distinction here is that 
between Capture Efficiency and Overall Efficiency. Capture efficiency reflects the 
percent of scallops lying in the path of the tow that actually enter the mouth of the 
bag, while overall efficiency is further conditioned by later escapement from the bag, 
which may be size selective (Caddy 1971). It is possible (and desirable), therefore, 
that wider rings will simultaneously improve the overall efficiency on larger scallops 
(that is, elevate the Harvest Efficiency) and decrease the overall efficiency on 
younger scallops. Then if total landings are limited by regulations or by the crew’s 
shucking capacity, as presumably they would be within the context of area rotations,
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the result would be shorter tows, hence less dredge time on bottom, hence less 
bycatch and habitat damage.
In an area rotation scheme, however, the primary purpose of gear 
modifications will be to temper the mortality, whether through deliberate harvest or 
through incidental deaths, of small and medium sized scallops. Any time a stock is 
managed through a rotating harvest, measures should be taken to protect small, 
young, and unharvestable (or sub-optimal) individuals during each opening (Caddy 
1993). Since the goal, here, will be to close each area to protect scallops until at least 
the age of 5 or 6 (shell height 110-120 mm, meat count 20-25), and then to open it for 
a limited fishery, and then to close it again, it is essential to find ways to minimize the 
loss of younger scallops during each opening. The more successfully this is done, the 
shorter will be the minimum duration of each closure. Leaving small scallops on the 
bottom should reduce deck mortality and latent mortality of discards, especially if, as 
is likely with area openings, the practice of deck loading is widespread. During the 
1999 to 2001 closed area fisheries, deck loading was common: boats would make 
several tows and heap scallops high onto the deck, one haul atop the next, then move 
to a spot with less boat traffic to anchor and shuck the pile down. Such deck loading 
greatly prolongs the exposure of scallops to air and heat, and particularly if the 
weather is warm, it probably exacerbates the discard mortality (Medcof & Bourne 
1962).
While the recent closed area fisheries have revealed the tremendous 
promise of an area rotation strategy for managing the sea scallop fishery, then, they 
have also revealed the importance of tailoring gear specifications to that new strategy. 
In short, the gear should fit the management plan. With exceptionally strong 1998 
and 1999 year classes close on the horizon, the time is ripe for implementation of area 
rotation, starting with immediate closures to protect small scallops where they are 
now densest (NEFMC 2000). This will only transpire, however, through a new 
amendment, Amendment 10, to the Sea Scallop FMP. As past amendments have, 
Amendment 10 will surely want to consider new gear regulations. Toward that end, 
this research investigated the performance of 4” (102 mm) rings, relative to the 
performance of the currently regulated 3.5” (89 mm) rings, within the context of 
closed area fisheries.
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MATERIALS AND METHODS
This study conducted eight research trips aboard the commercial scallop 
vessel F/V Celtic into four of the Closed Areas of the Georges Bank and Mid-Atlantic 
scallop grounds: three trips into Closed Area II (in July 2000, September 2000, and 
June 2001), two trips into the Hudson Canyon Closed Area (June and Sepember 
2001), two trips into Closed Area I (both in October 2000), and one trip into the 
Nantucket Lightship Closed Area (July 2001). The goal was to evaluate the 
performance of the experimental gear in a variety of closed area fisheries, on different 
bottom types with different scallop distributions, similar to those expected under an 
area rotation management scheme.
The experiment employed a paired design: two dredges - one fitted with 3.5” 
(89 mm) rings and the other fitted with 4.0” (102 mm) rings - deployed 
simultaneously and towed side-by-side from the port and starboard gallows. The 
dredges were 15’ (4.6 m) wide offshore New Bedford dredges, with bags configured 
as identically as possible, except for the dimensions of the rings themselves (for 
details, see Figure H). At the midpoint of each trip, the crew traded the dredges. To 
do so more often would have been impractical; however, past studies show that there 
are normally no statistically significant differences associated with the port side 
versus the starboard side with respect to fishing (Bourne 1965, DuPaul et al 1989). 
Fishing generally followed commercial practices, with the captain and crew selecting 
the tow sites, tow durations, and size of culling, except that the port and starboard 
catches were kept separate.
For each dredge the scientists collected data on (1) basket count (bushels of 
harvest size scallops deliberately retained by the crew for shucking and landing), (2) 
shell height frequency of all scallops including discards (width of the upper valve 
from the dorsal hinge to ventral extreme as measured on a standard NMFS measuring 
board and grouped into size classes of 5mm intervals), (3) volume of invertebrate 
trash (in bushels), and (4) finfish bycatch frequencies (with the total length of all 
teleosts measured to the nearest centimeter; skates and other batoids were counted but 
not measured). For estimating shell height frequencies, the scientists took sub­
samples, usually measuring two or three baskets of retained scallops per side and 
usually one quarter of the discards. Sub-sampling of discards was systematic, with 
discards always selected from the same region of the port and starboard piles on any 
given tow, but from an ever-changing region of the piles on successive tows. Trash 
was sub-sampled from the same portion of the pile as the discards.
The captain or mate of the vessel recorded the vessel position at the start 
(brake set) and end (initiation of haulback) of each tow, as well as the tow duration,
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velocity, and heading. Also monitored were the water depth and warp length (length 
of cable put out), hence the scope (the warp to depth ratio), plus the sea state, wind 
conditions, and tidal currents.
For each trip, shell height, harvest, discard, and trash data were analyzed in a 
paired fashion on a tow-by-tow basis, with paired t-tests on the means used to 
determine statistical significance. The catch of each size class of scallops by 4” rings 
relative to that of 3.5” rings was calculated both on a per tow basis and for each trip 
as a whole. Scallops of optimal harvest age and size (approximately age 6 and up, 
shell height 115 mm and above) were partitioned from pre-optimal scallops, and their 
relative capture by the two gears evaluated. Data on tow durations allowed 
computation and comparison of catch rates for landed and discarded scallops, as well 
as the amount of time required by each gear to harvest a fixed volume of scallops. 
Conversion of shell heights to meat weights permitted a comparison of the vessel’s 
total landings by the two gears for each trip. Relative bycatch of finfish was 
calculated based on trip totals, with some size partitioning where warranted by the 
data.
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Figure H Schematic diagram of bag with four inch rings. Dimensions 
are given in ring counts (fore-to-aft length x width across), 
with corresponding counts for 3.5” bag in parentheses. 
Although the ring counts differ between the two dredges, the 
actual lengths and widths are approximately identical. Twine 
top counts are in the number of meshes, each 10” x 10”. 
Sweep counts are in the number of chain links.
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RESULTS
A. Shell Height Distributions and Total Catch
The three trips to Closed Area II on Georges Bank were taken across the 
course of an entire year, and during that time a single year class of pre-optimal 
scallops grew from a modal shell height of 60 mm (about age 3) to a modal shell 
height of 100 mm (about age 4). As this cohort of scallops grew through this size 
range, the difference in the total catch by each dredge first expanded and then closed 
again (Figure I). In July 2000, most members of this cohort had shell heights 
between 45 and 75 mm, and during 53 sampled tows the 3.5” rings captured 154,525 
of these individuals while the 4” rings caught 151,484, a reduction of two percent. 
Two months later, when the cohort had grown to a size range of 60-85 mm, the 3.5” 
rings took 22,962 while the 4” rings took only 12,932, a reduction of nearly forty-four 
percent (on 24 sampled tows). By the following June the age cohort had grown to a 
height of 90-110 mm, and the 3.5” rings caught 25,482 while the 4” rings caught 
24,917, a two percent reduction (23 sampled tows). Interpretation of these results 
requires caution, since the tows were not all made in the same location nor on 
identical bottoms with identical size distributions in the wild population, although the 
substrate in all cases was generally sandy. The apparent trend, however, was that the 
cohort grew through a size window in the neighborhood of 70 to 90 mm where the 
selectivity provided by the 4” rings, relative to that of the 3.5” rings, was at its 
maximum.
Tow by tow trends bear this out. When the catch at each size class is analyzed 
in a paired manner, such that the catch taken by the 4” rings per tow is calculated as a 
fraction of the total catch (that is, 4” catch plus 3.5” catch), the 4” rings prove to 
consistently allow better escapement of pre-optimal scallops than the 3.5” rings 
(Figure I). On any given tow for a given size class below 110 mm, the 4” rings 
usually retained fewer scallops than did the 3.5” rings on that same tow. In Figure I, 
a mean 4” fraction of 50% means that both dredges fished equally well on that size 
class. Any mean fraction below 50% means that tow-by-tow, the 4” rings on average 
caught less than the 3.5” rings, while a value above 50% means that the 4” rings on 
average caught more than the 3.5” rings. On all three trips to Closed Area II, the 4” 
rings were less likely on any given tow to bring discard size scallops on deck.
On both the year 2000 trips to Closed Area II, when scallops from the 50 to 
110 mm size classes were generally well represented in the wild population and in the 
catch, the relative size selectivity of the 4” rings was sharpest from about 60 to 95 
mm, often constituting a third or less of the total catch per tow. Between 95 and 110 
mm, the selectivity of the 4” rings relative to that of the 3.5” rings gradually 
diminished. At 110 mm, both dredges were about equally selective. This pattern is
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Figure I Comparison of both total catch and catch per tow by 4” 
versus 3.5” rings on the Closed Area II trips. The 4” 
Fraction per Tow data points reflect the percent of the 
total catch per tow at each size class that on average was 
taken by the 4” rings. Values below 50% indicate lower 
catch rates by the 4” rings relative to the 3.5” rings, 
which in most cases reflects superior escapement. Values 
above 50% indicate higher catch rates by the 4” rings 
relative to the 3.5” rings, which in most cases reflects 
superior harvest efficiency.
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less distinct on the June 2001 trip, although it does hold for scallops 85 mm and 
larger. Below that size, no pattern is evident. Note, however, that very few scallops 
at all were captured below the 85 mm size class. Whether this scarcity of small 
scallops reflects their absence in the wild population, or whether it reflects their near 
total escapement from 4” and 3.5” rings alike, or a combination of both, the sample 
sizes below 85 mm simply do not allow any confidence in the 4” fractions per tow. 
In most cases the values are based on only one, two, or a handful of actual scallops 
caught during the entire trip.
For the three Closed Area II trips as a whole, wherever the smaller size classes 
are well represented, a similar pattern of capture emerges: smaller scallops are 
substantially less vulnerable to the 4” rings than the 3.5” rings, especially from about 
70 to 95 mm, with the difference in vulnerability diminishing to zero from about 95 to 
110 mm. Overall, the capture of pre-optimal scallops (all those smaller than 115 mm, 
summed together) was reduced by the 4” rings on the Closed Area II trips, most 
dramatically on the September 2000 trip, on which the 4” rings took forty-one percent 
fewer than the 3.5” rings (Table A). Reductions were much more modest on the other 
two trips.
At the same time, the harvest of older, larger, near optimal scallops (age 6 and 
up, size 115-120 mm and above) was not only just as efficient with the 4” rings, but 
almost universally better than that with 3.5” rings (Figure I and Table A). On the July
2000 trip, the 4” rings harvested 18.4% more age 6+ scallops (18,031 vs. 15,233, an 
average of fifty-three more scallops per tow). On the September 2000 trip, the 4” 
rings harvested 10.6% more (5,051 vs. 4,568, an average of twenty more per tow), 
and on the July 2001 trip, the 4” rings harvested 6.7% more (4,743 vs. 4,446, thirteen 
more per tow). All o f these results were statistically significant (paired t-test on the 
set of tow-by-tow differences).
The trips to the Hudson Canyon Closed Area on the Mid-Atlantic Bight in 
June and September 2001 revealed similar trends in size selectivity and harvest 
efficiency (Figure J and Table A). The seafloor here was still sandy, but the size 
distribution of the wild scallop population was quite different from that in Closed 
Area II. Although smaller size classes were well represented in the catch, the 
majority o f individuals were at or near the optimal harvest size o f 110-120 mm. On 
the June trip the 4” rings harvested an average of 56 more optimal scallops per tow, a 
gain of over six percent on the trip as a whole. Statistically, however, this difference 
was not significant. On the September trip, the harvest of optimal scallops was 
virtually identical for the two dredges. On both trips the 4” rings took significantly 
fewer pre-optimal scallops than the 3.5” rings: 153 fewer per tow on the June trip (a 
ten percent reduction overall) and 392 fewer per tow on the September trip (a 
reduction of more than 26% percent). As with the Closed Area II trips, the maximum 
differences in selectivity fall within the 70 mm to 95 mm size range.
The two trips in October 2000 to Closed Area I on Georges Bank and the July
2001 trip to the Nantucket Lightship Closed Area yielded similar patterns of harvest 
efficiency but did not reveal clear patterns in relative size selectivity (Figure K and
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Table A (1) Comparison of optimal scallops (age 6 and up, size 
115 mm and above) caught by 3.5” rings and 4.0” rings. 
Paired t-test analyzes the set of tow-by-tow differences in 
total catch of optimal size scallops by each dredge.
(2) Comparison of pre-optimal scallops (under 115 mm) 
caught by 3.5” rings and 4.0” rings. Paired t-test analyzes 
the set of tow-by-tow differences in total catch of pre- 
optimal size scallops by each dredge.
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Relative Catch of Optimal Size Scallops (115+ mm, Age 6+)
Number of 
Tows 
Sampled
Optimal 
Scallops, 
Total 3.5”
Optimal 
Scallops, 
Total 4.0”
Percent 
Increase 
with 4.0”
Mean 
Difference 
per Tow
p-value
(paired
t-test)
Area II, 
July 2000 53 15,233 18,031 18.4% 52.8** 0.0002
Area II, 
Sept 2000 24 4,568 5,051 10.6% 20.1** 0.0018
Area II, 
June 2001 23 4,446 4,743 6.7% 13.0* 0.038
H. Canyon, 
June 2001 27 23,978 25,501 6.4% 56.4ns 0.092
H. Canyon, 
Sept 2001 31 17,529 17,295 0.0% -7.6ns 0.57
Area I, 
Oct 2000a 17 41,789 49,168 17.7% 434.1** 0.0051
Area 1, 
Oct 2000b 16 32,083 32,440 1.1% 22.3ns 0.43
Lightship, 
Aug 2001 6 14,801 17,255 16.6% 409** 0.0097
Relative Catch of Pre-optimal Size Scallops (<115 mm)
Number of 
Tows 
Sampled
Pre-optimal 
Scallops, 
Total 3.5”
Pre-optimal 
Scallops, 
Total 4.0”
Percent 
Reduction 
with 4.0”
Mean 
Difference 
per Tow
p-value
(paired
t-test)
Area II, 
July 2000 53 179,096 171,014 4.5% -152.5ns 0.27
Area II, 
Sept 2000 24 28,224 16,591 41.2% -484.7** 0.0001
Area II, 
June 2001 23 25,817 25,219 2.3% -26.0* 0.021
H. Canyon, 
June 2001 27 41,834 37,709 9.9% -152.8* 0.015
H. Canyon, 
Sept 2001 31 45,937 33,789 26.4% -391.9** 0
Area I, 
Oct 2000a 17 17,579 15,979 9.1% -94.1ns 0.15
Area 1, 
Oct 2000b 16 10,212 10,405 -1.9% +12.0ns 0.63
Lightship, 
Aug 2001 6 2,151 2,688 -25.0% +89.5ns 0.91
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Figure J Comparison of both total catch and catch per tow by 4”
versus 3.5” rings on the Hudson Canyon trips. The 4” 
Fraction per Tow data points reflect the percent of the total 
catch per tow at each size class that on average was taken by 
the 4” rings. Values below 50% indicate lower catch rates by 
the 4” rings relative to the 3.5” rings, which in most cases 
reflects superior escapement. Values above 50% indicate 
higher catch rates by the 4” rings relative to the 3.5” rings, 
which in most cases reflects superior harvest efficiency.
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Figure K Comparison of both total catch and catch per tow by 4” 
versus 3.5” rings on the Closed Area I and Nantucket 
Lightship trips. The 4” Fraction per Tow data points reflect 
the percent of the total catch per tow at each size class that on 
average was taken by the 4” rings. Values below 50% 
indicate lower catch rates by the 4” rings relative to the 3.5” 
rings, which in most cases reflects superior escapement. 
Values above 50% indicate higher catch rates by the 4” rings 
relative to the 3.5” rings, which in most cases reflects 
superior harvest efficiency.
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Table A). It should be noted from the start that the conditions here were typical of 
neither open area nor closed area fishing. These trips were to areas that had been 
closed for six or seven years, a period much longer than that expected with future 
rotational management, and at the time of our trips they had undergone very little 
fishing pressure. As a result, the seafloor was exceptionally dense with very old, very 
large scallops. A brief to w of only five or ten minutes would fill the collecting bag to 
the sweep. Consequently the bag quickly became congested with large scallops, 
something that blocks the escape of most smaller ones. Also, the seafloor in Area I 
was rugged, rocky, and gravelly, and the bags often captured heavy boulders, which 
may have affected the way one dredge or the other rode along the bottom, thus 
compromising the paired design of the experiment.
On none of these three trips did the 4” rings diminish the harvest of large 
scallops, and on two of them -  the first Area I trip and the Lightship trip - the 4” rings 
increased the capture of optimal scallops by about seventeen percent over the 3.5” 
rings, averaging over 400 more individuals per tow. For pre-optimal scallops, there 
are no clear patterns in relative selectivity. On the two Area I trips the overall catch 
of pre-optimal scallops by the 4” rings was nine percent and one percent less than that 
by 3.5” rings, but when analyzed on a tow-by-tow basis these differences were not 
statistically significant. On the Lightship trip the 4” rings actually captured twenty- 
five percent more pre-optimal scallops than the 3.5” rings, but tow-by-tow this 
difference was not statistically significant.
From the data on these eight trips, it is not possible to pinpoint exactly the size 
of 100% retention by the 4” rings -  that is, the shell height at which a scallop that has 
entered the mouth of the collecting bag cannot escape. At first glance, it may seem a 
simple matter: any scallop larger than the 101 mm internal diameter o f the rings will 
be fully retained. However, escapement may still occur through the inter-ring spaces, 
the gape of which is ever shifting as the dredge drags the bottom (Figure D). On the 
assumption that full retention occurs at the size at which the 3.5” and 4” rings become 
equally efficient (in other words, at the shell height at which the experimental rings 
no longer permit any more escapement than the standard rings), the size of 100% 
retention would appear to fall between 100 and 120 mm, probably near 110. This is 
consistent with trends seen in past studies of ring diameter (DuPaul et al 1999).
B. Catch Rates and Time on Bottom
Part of the purpose of this trip was to examine the effects o f 4” rings on a 
commercial scalloping operation during a variety of closed area fisheries. The size 
class at which a commercial scalloping crew culls its catch will vary with the 
availability of larger scallops, the dockside price scale, and other factors. When 
plenty of larger scallops were being brought on deck, as on the Nantucket Lightship 
and Closed Area I trips, the crew of the Celtic would retain and cut only optimal size 
scallops (age 6 and up, size 115 mm and above), discarding most of the pre-optimal 
scallops. But when the size distribution was skewed more to the left, as on the Closed
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Area II and Hudson Canyon trips, the crew would cull in the vicinity of 100 or 105 
mm, shucking and landing some pre-optimal scallops. The 4” rings affected the rates 
at which discards and retained scallops, as selected by the crew, were brought on deck 
(Tables B and C).
On seven of eight trips, the 4” rings reduced the “discard rate,” the number of 
discards captured per minute of towing time. On two of the trips the reduction 
exceeded twenty percent, and on two others it exceeded forty percent. The discard 
rate reductions were much more modest, less than five percent, on the other three 
trips, including those two Closed Area I trips where the bags were so quick to fill and 
become congested, preventing escapement of smaller scallops. The Nantucket 
Lightship trip, on which the bags were exceptionally quick to fill and on which the 
crew was typically culling at 120 mm and up, several size classes above the 60-95 
mm selectivity window, the 4” rings had a discard rate that was six and a half percent 
higher than that of the 3.5” rings.
The catch rates for scallops retained by the crew for shucking and landing 
showed the opposite trend. On six of eight trips the 4” rings improved the catch rate 
of retained scallops. On four trips the improvement was as high as twelve to twenty- 
one percent. These effects prove even more pronounced when shell heights are 
converted into meat weights using standard shell height-meat weight models (Table 
D) (NEFSC 1999). In pounds of meat, the 4” rings improved the harvest on seven of 
eight trips. On one trip the gain was eight percent, on two trips it exceeded fourteen 
percent, and on two other trips it was twenty percent. Thus the 4” rings benefited the 
commercial operation in two ways: (1) by generally improving the catch rate and 
harvest weight of those scallops desired for landing, and (2) by reducing the number 
o f discards brought on deck, which in turn facilitates the act of culling.
An extension of this pattern was a reduction in the time that the dredge with 
4” rings needed to spend on bottom in order to harvest a fixed volume of scallops. 
On any closed area trip, the scallop vessel has a trip limit, a maximum number of 
pounds o f scallop meats that it may land. The faster a vessel reaches its limit, the 
sooner it returns to dock and the less total time the dredges spend on the seafloor. On 
these trips, both dredges spent equal lengths of time on bottom, in accord with the 
experimental design. But the two dredges did not harvest an equal share of the trip 
limit. On seven of eight trips, the “time on bottom per basket harvested” was reduced 
by the 4” rings (Table E). That is, the dredge with 4” rings was able to fill a given 
number of baskets with harvest size scallops in less time than the dredge with 3.5” 
rings. On three trips this reduction in time on bottom per basket was around ten 
percent, while on one trip it was almost nineteen percent.
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Table B Total catch and catch rates for scallops discarded by the crew
(sampled tows only).
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Table C Total catch and catch rates for scallops retained, shucked, and
landed by the crew (sampled tows only).
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Table D Comparison of harvest by 4.0” and 3.5” rings in terms of 
meat weight (sampled tows only). Meat weights estimated 
using shell-height:meat-weight models specific to each 
closed area from NEFSC 1999.
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Harvest Weights (Sampled Tows Only)
Harvest Weight, 3.5” Rings 
Pounds (Kilograms)
Harvest Weight, 4.0” Rings 
Pounds (Kilograms)
Percent Increase 
with 4.0” Rings
Area II, 
July 2000 1399 (636) 1600 (727) 14.4%
Area II, 
Sept 2000 419(191) 478 (217) 14.1%
Area II, 
June 2001 1194(543) 1200 (454) 0.5%
H. Canyon, 
June 2001 2078 (945) 2246 (1021) 8.1%
H. Canyon, 
Sept 2001 2096 (953) 1948 (885) -7.1%
Area I, 
Oct 2000a 2563(1165) 3073 (1397) 19.9%
Area 1, 
Oct 2000b 1887 (858) 1951 (887) 3.4%
Lightship, 
Aug 2001 1203 (547) 1441 (655) 19.8%
54
Table E Whole trip harvest rates in baskets (all paired tows, sampled 
and unsampled) and time on bottom per basket harvested.
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C. Trash and Bycatch
On all trips the 4” rings brought up a significantly lesser volume of trash than 
the 3.5” rings (Table F). Trash comprised invertebrate bycatch species like sand 
dollars and other echinoderms, crabs, and clams, plus sand, gravel, shell, and other
debris. On the sandy bottoms of Closed Area II and Hudson Canyon, the 4” rings 
diminished trash retention by at least twenty-one percent and as much as forty 
percent. The reduction was not as great on the rockier seafloors of Closed Area I 
(where again, tows were very brief and the bag quick to fill), yet still substantial. 
While the amount of trash per tow varied considerably during the course of any trip, 
as reflected in the standard deviations (error bars, Figures L, M, and N), a paired 
analysis reveals very significant reductions on a tow-by-tow basis.
The bycatch of commercially valuable finfish species did not generally 
diminish with the use of 4” rings, although there were some exceptions (Tables G and 
H). The catch of red hake (Urophycis chuss) and silver hake (Merluccius biline ar is) ^ 
both of which bear a fusiform shape and thus may be able to wriggle through and 
between the rings, was cut by eighteen and sixteen percent respectively over the 
course of all eight trips combined. The overall catch of commercially sought flatfish 
species -  yellowtail flounder (Limanda ferruginea), witch flounder (gray sole, 
Glyptocephalus cynoglossus), American plaice (Hippoglossoides platessoides), and 
winter flounder (blackback, Pseudopleuronectes americanus) -  was not at all reduced 
by 4” rings, which is not surprising given the body form of these fish. However, the 
4” rings did dramatically reduce the catch of younger, smaller individuals of these 
species. The catch of yellowtail flounder whose total body length was under 30 cm 
was diminished by fifty-five percent with 4” rings. The catch of witch flounder 
shorter than 35 cm was sixty-one percent less with 4” rings, and the catch of plaice 
shorter than 35 cm was thirty-two percent less. The final commercially valuable 
species that frequently turns up in scallop dredges is the monkfish (goosefish, 
Lophius americanus). Most individuals of this species are far too large to pass 
through or between the rings, and the 4” rings gave no reduction in monkfish bycatch 
over the 3.5” rings.
The 4” rings also reduced the bycatch of some species that are not 
commercially valuable yet commonly turn up in scallop dredges. The catch of 
fburspot flounder (Paralichthys oblongus), sculpin (Myoxocephalus spp.), and sea 
raven (Hemitripterus americanus) were cut by 27%, 39%, and 26% respectively with 
4” rings. The catch of windowpane (Scopthalmus aquosus) was undiminished with 
4” rings. The catch of skates (various species), most of which are far too big to fit 
through either size ring, was virtually identical between the two dredges on all eight 
trips.
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Table F Comparison of volume of trash (invertebrates and debris, in 
baskets) retained by 4” and 3.5” rings. Data from the 
Nantucket Lightship trip is excluded due to low sample size 
(data available for only four tows).
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Figure L Baskets of invertebrate trash per tow for the Closed Area II
trips. Error bars indicate the standard deviation.
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Trash per Tow (invertebrates & debris) - Area II, July 2000
Bror Bars indicate the Standard Deviation
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Figure M Baskets of invertebrate trash per tow for the Hudson Canyon
trips. Error bars indicate the standard deviation.
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Trash per Tow (invertebrates & debris) - Hudson Canyon June 2001
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Figure N Baskets of invertebrate trash per tow for the Closed Area I
trips. Error bars indicate the standard deviation.
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Trash per Tow (invertebrates & debris) - Area I, Oct 2000a
Error Bars indicate the Standard Deviation
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Table G Finfish bycatch totals for all eight trips combined. Relative 
catch is the catch by 4” rings relative to 3.5” rings. Negative 
values signify a reduction in bycatch by 4” rings.
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Finfish Bycatch (All Trips Combined)
Catch by 3.5” 
Rings
Catch by 4.0” 
Rings
Relative
Catch
Yellowtail Flounder 3047 3048 0.0%
Yellowtail <30 cm 316 142 -55.1%
Witch Flounder 
(Gray Sole) 151 151 0.0%
Witch <35 cm 18 7 -61.1%
American Plaice 84 83 +1.2%
Plaice <35 cm 38 26 -31.6%
Winter Flounder 
(Blackback) 86 81 -5.8%
Monkfish
(Goosefish) 971 992 +2.2%
Red Hake 479 395 -17.5%
Silver Hake 1119 944 -15.6%
Windowpane 275 288 +4.7%
Fourspot Flounder 1259 921 -26.8%
Sculpin 753 459 -39.0%
Sea Raven 84 62 -26.2%
Skates 11971 11525 -3.7%
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Table H Finfish bycatch totals for each trip. Data from the two back- 
to-back trips to Closed Area I are combined into a single 
column here.
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DISCUSSION
A. Finding an Optimal Dredge for Rotational Management
If the NEFMC adopts a rotational management scheme for sea scallops in the 
near future, the primary purpose will be to optimize the stock’s yield per recruit. But 
the promise of rotational management does not reside in its capacity to constrain and 
control fishing effort and fishing mortality, for this is something the Council already 
effectively regulates through days-at-sea limitations coupled with vessel tracking by 
satellites. The real promise of area rotations lies in its potential to separate young 
scallops from older ones, leaving good sets of recruits on the seafloor until they are 
ripe for optimal harvest. Such sorting by age and size is something that neither gear 
restrictions nor meat count regulations were ever able to adequately accomplish. Yet 
although the fishing gear alone cannot cleanly delay harvest to age 6 or later, it will 
still have a vital role to play under rotational management.
Given the reality that no scallop dredge or trawl will ever be sharply size 
selective, the best possible gear under rotational management might be one that in no 
way diminishes the capture of scallops of optimal age and size, yet permits the 
maximum possible escapement of pre-optimal scallops. In this study, the dredge with 
4” rings yielded a size of 100% retention that fell near 110 mm, just shy of the 
optimal size of 110-120 mm. On no trips did the 4” rings undermine the harvest of 
optimal scallops, and in many cases it substantially improved their harvest. Again, 
this improvement was not surprising in light of similar results obtained in earlier ring 
diameter studies conducted in similarly healthy resource areas (Bourne 1965, DuPaul 
et al 1989). The reason is probably that wider rings are slower to fill with trash and 
pre-optimal scallops. This would affect the hydrodynamics of the gear and the way it 
rides along the bottom, which in turn might affect the capture efficiency (the rate at 
which scallops lying in the path of the dredge actually enter its mouth). As the 
cutting bar, ticklers, and sweep chum scallops off the bottom, or else stimulate them 
to swim upward, some will enter the mouth of the dredge while some will pass over it 
or off to the side (Caddy 1968, Smolowitz & Serchuk 1989). If water flows freely for 
longer durations through the 4” rings, and if this improved flow reduces the pressure 
wave and turbulence that advance in front of the dredge, this might promote the 
passage of scallops into its mouth.
Alternatively, the mechanism may have more to do with the relative densities 
of the collecting bag (the amount of steel per unit area) and/or the amount of metallic 
surface area that is exposed to the water and the benthic substrate. In this study, both 
bags were built to the same total dimensions of height, width, and depth. Also, the 
gauge (thickness) of the steel with which the rings were made was approximately
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identical. However, because the 3.5” rings were closer together and of smaller 
diameter, more total metal went into each square meter of that bag’s wall than with 
the 4” rings. The bag with 4” rings had more empty space per unit area. This would 
affect both the weight of each bag and the amount of frictional surface area exposed 
to the surroundings, which in turn might affect the shape of the bag during towing and 
flow of water through the rings. For example, if the 3.5” bag’s apron (its ceiling) was 
heavier than the apron of the 4” bag, then the former might sag more during towing 
while the latter might balloon open. Also, the smaller total surface area of the rings 
on the 4” bag’s belly and diamonds (the underside) might reduce the frictional drag 
on the bottom and thereby widen the gape of the mouth, while seawater might simply 
flow more easily through the more open spaces of the 4” rings. And again, all these 
effects might influence the severity of turbulence or the energy of the pressure wave 
that precedes the dredge’s arrival. Whatever the mechanism at work, 4” rings exhibit 
a potential to not only keep harvest efficiency on optimal scallops undiminished, but 
to actually augment it during area openings under rotational management.
Meanwhile, in this study the 4” rings generally reduced the capture of pre- 
optimal scallops, sometimes quite dramatically, and especially under those fishing 
conditions that were most similar to those expected under rotational management. 
The greatest gains in escapement seemed to be with 70 to 95 mm scallops, with gains 
gradually declining to either side of this size range. Probably underlying this pattern 
is a sigmoid selectivity curve typical of trawls and dredges in most fisheries (Pope 
1966, ICES 1996). This curve plots the probability of capture against size class, and 
the sigmoid shape results from the fact that sufficiently small individuals have a near 
zero probability of being retained by the gear, sufficiently large individuals have a 
100% probability of retention, and individuals at intermediate size classes have a 
probability of retention that increases with size but that levels out toward either 
extreme.
Presumably the underlying selectivity curve for the 3.5” rings bears a shape 
similar to that for the 4” rings, but lies to its left. Thus at small enough shell heights, 
escapement through both the standard and experimental rings was not much different, 
meaning that very small scallops could pass through the 3.5” rings almost as easily as 
they could through the 4” rings. It should be observed, again, that scallops smaller 
than 50 or 60 mm were poorly represented in the catch, which may be as much a 
symptom of their high rate of escapement as it is of their scarcity in the wild 
population. This poor representation probably accounts for the high variability in the 
relative catch below about 50 or 60 mm (see Figures I and J), a variability that is 
typical o f “rare” size classes (ICES 1996). At larger sizes, however, clearer patterns 
emerge. As scallops approach the size of 100% retention, they begin to “feel” the 
gear, bumping into the rings more often. Scallops will feel the 3.5” rings at earlier 
ages than they will the 4” rings, and this accounts for that window of maximum 
difference in selectivity from 70 to 95 mm. Then from 95 to 110 mm, as the 
underlying selectivity curve for the 4” bag levels out, the differences observed 
between the two dredges shrink to zero.
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The dredge with 4” rings, then, appears to come very close to that ideal dredge 
for rotational management in which the harvest efficiency on optimal scallops is at its 
maximum while the escapement of pre-optimal scallops is as high as possible without 
compromising the catch of optimal scallops. Perhaps a dredge with slightly wider 
rings, say 4.25” or 4.5”, might come even closer to that ideal, and the data here 
suggest that this possibility warrants investigation. At the very least, though, 4” rings 
would seem more fit for a rotational management scheme than the standard 3.5” 
rings.
B. Minimizing Discard Mortality under Rotational Management
Essential to any rotational management strategy are measures to minimize 
mortalities of pre-optimal individuals during area openings (Caddy 1993). The more 
healthy young animals left on bottom during a harvest, the greater the increase in 
biomass will be over the interim between openings. Here, too, 4” rings appear to 
better fit the proposed management scheme than 3.5” rings.
A scallop dredge can kill scallops even if they are not brought on deck. It 
may bury recessed scallops or physically damage scallops passing through the rings, 
it may attract predators into its wake, or it may even exacerbate benthic hypoxia by 
stirring up sediments where anaerobic decomposition occurs. One study with 
submersibles estimated that 15-20% of the scallops left in the path of a dredge had 
been killed (Caddy 1973), but another estimated the proportion at less than 5% 
(Murawski & Serchuk 1989). While it is possible that 4” rings might alter the rate of 
such “contact mortality,” the effect would probably be slight.
Where 4” rings stand to make a significant difference is in deck mortality and 
latent mortality. On a typical tow, many discards will be crushed on deck either by 
the gear during dumping (especially beneath the diamonds, where the shoes of the 
dredge crash down on the pile) or by the crew as they step on them during culling. 
On four of eight trips, we estimated the rate of deck mortality due to crushing, 
counting as lethally wounded any scallop whose valves were disarticulated or whose 
shell was shattered, punctured, or fractured past the perimeter of the mantle 
(following the criteria of Medcof & Bourne 1962). On the first trip to Closed Area I, 
an average of 20.8% of the discards were lethally wounded. On the first Hudson 
Canyon trip and the third trip to Closed Area II, the mean proportions were 17.9% 
and 25.2% respectively. On the Nantucket Lightship trip the mean was 11.7%. 
Medcof and Bourne (1962) estimated an average of 15% of discards were lethally 
wounded on deck. Clearly deck mortality is not inconsequential to the stock.
These are probably conservative estimates of the total deck mortality, for 
more scallops will also die due to exposure and desiccation. Scallops are resilient 
animals, and most will probably survive if returned to sea soon enough after capture. 
A mark and recapture study estimated that 90% of discards were still alive several 
days later (Murawski & Serchuk 1989). Nevertheless, when the duration of exposure
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to air is long, especially during daytime in warmer seasons, deck mortality may 
severely escalate. Of particular concern within the context of rotational management 
is the practice of “deck loading.” In the early weeks of the closed area fisheries of 
1999 to 2001, the catch rate exceeded the shucking capacity of the seven-person 
crew. Fishing effort was also often concentrated in tight areas, making boat traffic 
heavy. In response a vessel would often make a handful of tows, heaping the deck 
high with scallops, then anchor elsewhere to shuck the pile down. The crew might 
not shovel the discards back into the water for many hours. Deck loading may 
aggravate latent mortality as well, not only by making scallops more exhausted and 
vulnerable to predation upon their return to sea, but also because the discards may be 
returned to a bottom some distance from the habitat where they were captured and 
thriving. Since the central strategy of rotational management is the cultivation of 
dense grounds of optimal size scallops, this phenomenon of deck loading will be an 
important issue. Adopting a gear that can limit the number of discards brought on 
deck will become more essential than ever.
The 4” rings reduced the rate of discard capture on seven of our eight research 
trips, and on four of them the 4” rings left substantially more discards on the seafloor 
than did the 3.5” rings. Under area rotations, this would translate directly into greater 
biomass during future openings. It might also trim the duration of the interim 
closures between successive openings. Again, 4” rings appear to be a more 
appropriate gear for rotational management than 3.5” rings.
C. Reducing Harvest Time and Ecological Impacts under Rotational 
Management
Nearly every opening of a Closed Area to scallop boats from 1999 to 2001 
was complicated, limited, or foreshortened by matters of habitat degradation and 
finfish bycatch. Fisheries biologists distinguish between two types of “interaction” 
between different fisheries (Murawski 1991). “Technical” or “technological” 
interactions occur when one fishery’s gear captures species that are the target of some 
other fishery’s gear. “Biological” or “ecological” interactions occur when one 
fishery’s gear alters the habitat, food web, or ecosystem in a way that affects the 
health of another fishery’s target stock. Both have plagued the scallop fishery. 
Certain finfish that are currently protected under the Multispecies FMP, especially 
flounder species, are vulnerable to scallop dredges. Dredges may also physically 
disturb the “essential fish habitats” that are protected under the Sustainable Fisheries 
Act, mainly bottoms with three-dimensional relief and structure where juvenile fishes 
take shelter from predators. With each proposed opening of a closed area to 
scalloping, environmental activists and/or other user groups have lobbied against the 
plan, often filing legal injunctions and lawsuits to block it. In some cases the scallop 
dredge’s interactions with other fisheries has directly led to a loss of yield. The first 
opening of Closed Area II was ultimately closed when the fleet passed a preset limit 
of yellowtail flounder bycatch (as monitored by government officials on boats). A 
large portion of Closed Area I’s rebuilt scallop grounds was omitted from the October
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2000 opening in order to protect groundfish and the benthic environment. A 
proposed re-opening of the rich Nantucket Lightship grounds was abandoned in the 
face of protests that the fishery would destroy essential fish habitats. In all these 
cases, old scallops ripe for harvest have been lost to natural mortality. Such 
difficulties are sure to complicate the implementation of a rotational management 
plan for scallops.
The irony is that area rotations offer perhaps the most effective management 
scheme for moderating the technical and biological interactions that occur between 
the scallop fishery and other fisheries. Under rotational management boats will still 
be limited to a finite number of days-at-sea, and presumably there will be both DAS 
tradeoffs and trip limits (that is, a maximum quantity of meat allowed per trip) for 
boats entering a newly opened area. Catch rates in those areas will be high. As a 
result the total amount of time that the fleet’s dredges will spend on the bottom during 
the course of each harvest year will be less than it would if all grounds were always 
open. Again, the strategy of area rotations will be to cultivate scallops that are not 
only old and large, but also densely concentrated in localized areas. That means that 
boats will harvest their limit of scallops with less towing time, while still ticking off 
an automatic number of days-at-sea. And even if DAS tradeoffs are abandoned under 
rotational management, a boat’s shucking capacity will still be limited by the 
maximum crew size of seven, with the result that dredges will often hang idle in the 
gallows while the crew catches up in the shucking box.
Put differently, once the scallop stocks are fiilly rebuilt to a level that can 
sustain MSY (or at least optimum yield), the fleet will receive a total allowable catch 
each year, which will translate into a certain annual DAS allotment per boat and by 
extension a certain level of fishing mortality. If the scallops are concentrated in dense 
patches under a rotational management scheme, rather than spread out by general 
fishing effort to some equilibrium concentration under the current management 
scheme, then the fleet will not have to sweep as much seafloor to harvest its annual 
limit. The yield and the total shucking time may be the same either way, but towing 
time will not. And since the strength of technical and biological interactions with 
other fisheries depends directly on the amount of time the gear spends in the water, 
rotational management stands to alleviate the very conflicts that various interest 
groups have invoked in their efforts to obstruct or constrain the recent openings of 
closed areas. Reduce total dredge time on bottom, and bycatch and habitat 
degradation will diminish accordingly.
In this context, too, 4” rings would seem to complement an area management 
strategy. The results of this study suggest that 4” rings may improve the harvest 
efficiency and thereby diminish the gear time on bottom per unit harvest. On one trip 
the 4” rings cut time on bottom per basket by nearly twenty percent relative to the 
3.5” rings, while on four others they cut it by about ten percent. 4” rings also 
dramatically reduced the amount of invertebrates and substrate (trash) that the gear 
removed from the seafloor. This probably means that the 4” rings degraded the 
benthic habitat less severely than the 3.5” rings. The 4” rings also helped to reduce 
the bycatch of certain finfish, and since the deck mortality of finfish is very high, this
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is an important benefit. Bycatch was cut by sixteen to thirty-nine percent on five 
species, including the two commercially valuable hake species. Although 4” rings 
did nothing to diminish the overall bycatch of the four commercially valuable 
flounders, they did dramatically improve the escapement of the younger individuals 
of three of those species (yellowtail, plaice, and gray sole).
On multiple levels, then, 4” rings show promise for softening the technical 
and biological interactions between the scallop fishery and other fisheries. If one of 
the objectives of rotational management will be to mitigate the ill effects of such 
interactions, then 4” rings would again appear to serve the cause.
D. Increasing Fecundity and Stabilizing Recruitment under Rotational 
Management
A final objective of rotational management may be to enhance or at least 
stabilize annual recruitment. Because aggregations of scallops spawn in synchrony, 
the cultivation of dense scallop patches under area rotations might raise the 
fertilization rate and larval output of the stock. Furthermore, because certain scallop 
populations on Georges Bank and the Mid-Atlantic Bight may be key sources of 
larvae for the rest of the stock, area management may work to protect those source 
populations on a rotating basis. As discussed earlier, this may or may not amplify the 
annual rate of recruitment, but even if not, it may still help to temper the wild 
oscillations in recruitment that have sometimes afflicted the fishery.
This is an end that 4” rings may help to foster. Young scallops probably do 
not begin to contribute significantly to egg production until age 4 (Lai & Rago 1998), 
and it is with scallops age 3 to 4 in that 70 to 95 mm size that 4” rings gave the most 
improved escapement relative to 3.5” rings. In the wake of an area opening, the more 
four-year-olds left alive on the seafloor, the more larvae they will supply the stock 
during the interim closure. Because the scallops will spawn multiple times during 
that interim, the cumulative fecundity gains provided by the 4” rings will be 
multiplied in kind. Here again, 4” rings seem to better serve the goals of rotational 
management than the standard 3.5” rings.
E. Summary
The closed area fisheries of 1999 to 2001 have convincingly validated the 
promise of area rotations for managing the Atlantic sea scallop stock. Our 
experimental trials with 4” rings during those fisheries have demonstrated their 
potential for complementing the benefits of rotational management. In addition to 
serving the supreme goal of optimum yield, rotational management may augment or 
at least stabilize annual recruitment while significantly reducing the degree of habitat 
degradation inflicted by scallop dredges and diminishing finfish bycatch. To best 
accomplish these ends, any amendment to the Sea Scallop FMP that institutes a 
rotational strategy will also want to incorporate appropriate gear modifications. By
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virtually all relevant criteria, the dredge with the experimental 4” rings performed 
better than the one with the standard 3.5” rings.
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